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ABSTRACT

We calculate the color of the Martian sky and surface directly using the absolute
calibration of the Pathfinder lander camera, which was observed to be stable during the
mission. The mecasured colors of the Martian sky and surface at the Pathfinder site are
identical to the Viking sites, i.e., a predominantly yellowish brown color with only subtle
variations. These colors are distributed continuously and fall into S overlapping groups with
distinct average colors and unique spatial characteristics: shadowed soil, soil, soil/rock
mixtures, rock, and sky. We report that the primary difference between the sky color and the
color of the rocks is due to a dif ference in brightness. Measurements of the sky color show
that the sky reddens away from the sun and towards the horizon, and that the sky color varies
with time of day and is reddest at local noon. We present a true color picture of the Martian
surface and color enhancement techniques that increase image saturation, maximize color
discriminability while preserving hue, and eliminate brightness variations while preserving
the chromaticity of the scene. Although Mars has long been called the “red” planet,
quantitative measurements of the surface color from telescopic and surface observations
indicate a light to moderate yellowlsh brown color. The Pathfinder camera measurements

presented here support the claim that the red planet is not red but indeed yellowish brown.



INTRODUCTION

In this paper we present spectral radiance and color measurements of the Martian sky
and surface from data acquired by the Pathfinder lander camera. We calculate the perceptual
color (CIE tristimulus values) of the Martian sky and surface directly using the absolute
radiometric calibration of the camera. This differs from the approach used by Huck et al..
[1977] on the Viking lander where the spectral radiance was estimated using a linear
combination of basis functions [Park and Huck, 1976). The Viking method was necessitated
by the fact that the Viking color filters had significant out-of-band response and were
performance-limited by planetary contamination requirements and corresponding biocleaning
techniques. Our method eliminates the need for separate knowledge of the solar irradiance,
the spectral reflectance of the scene, and the color calibration chips on the lander. We note
here that color chips alone cannot be used for absolute color calibration because the colors of
the chips are dependent on the illumination conditions (direct sunlight, atmospheric scattered
light, and light reflected off of the lander) under which they are viewed. By using the
absolute calibration of the camera we eliminate the need for separate knowledge of the
illumination of the scene; this also allows us to examine the change in the color of the sky and

surface as a function of time of day.



Color is that aspect of visual perception by which an observer may distinguish
differences between two structure-free fields of view of the same size and shape caused by
differences in the spectral composition of the radiant encrgy [Wyszecki and Stiles, 1982).
The human visual system compares the integrated intensity over 3 spectral regions (red,
green, and blue) and classifies these intensities into the thousands of discernable colors that
make up color vision. Humans rely on this experience in recognizing colors to assist in
classifying objects and scenes. The calculation of the perceptual color of Mars allows an
individual to experience the same visual sensation (aside from color acclimation) as if the
individual were actually on the Martian surface. The calculation of the color of the Pathfinder
landing site also enables the opportunity to directly compare the color of the Pathfinder
landing site to the reported Viking colors. For these reasons the calculation and the
reproduction of the true color of the Martian surface is a useful and significant analysis tool
both for the layman and for the experienced specialist.

The process of measuring and displaying the color of an object or scene consists of
three steps: measuring the spectral radiance of the scene or object, converting the spectral
radiance into colorimetric units, and converting the resulting colorimetric units into pixel

intensity values for a particular display device. We discuss cach of these operations in order.

SPECTRAL RADIANCE



When the Pathfinder lander camera images a scene on the Martian surface, the amount
of signal measured by the camera is digitized (to 12 bits) and sent back to Earth. Dividing
this digital number (DN) by the exposure time ¢ yields a flux value proportional to the
absolute radiance of the image scene. The ratio of the measured signal to the absolute
radiance of the scene is the sensitivity or responsivity (R) of the instrument. The camera
responsivity in units of (DN/second)/(W/(m2 st. jtm)) is
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where A is the area of a detector pixel in units of square meters, 2 is the solid angle
subtended by the aperture (at the pixel-aperture distance) in steradians, dA is the spectral
bandpass of the system in pm, 7', (4)is the transmission of the optics and bandpass filter,
QE is the quantum efficiency of the CCD detector, gain is the number of electrons per DN,
h is Planck’s constant (6.626 x 10”** Joule sec), cis the speed of light (2.998 x 10® nv/s), and
A is the photon wavelength in nm. The camera responsivity can be approximated by a

quadratic function in temperature that takes the form
R(A,T) = Ry(A) + R(A)T + R, (AT (2)

where the temperature T is in degrees Celsius and the values for Ry(4), R, (4) and R,(A4) are

included in table 1. The work presented here is based on the preflight calibration, which was



observed to be stable throughout the landed mission. For a more detailed discussion of

camera calibration, see Reid et al. [this issue].

The absolute radiance S of a single pixel (at a location i, jin an image) is given by
DN (i, j)
t-RA,T)-G(, j)

S, j) = 3

where DN (i, j)is the instrument signal (in units of DN), G(i, j) is the normalized flat field of

the camera system (which corrects for the pixel to pixel sensitivity variations), ¢ is the
exposure time of the image (in seconds) and R(A,T)is defined in (2) and in table 1. The dark
current of the camera (i.e., the signal that does not correspond to photons incident onto the
detector) is insignificant at the lJow Martian temperatures experienced by the lander camera
and is not subtracted for the calculations presented here. During Mars Pathfinder surface
operations, the largest dark current of the camera (2 PM local solar time, camera temperature
=-9° C) was < 2 counts/sec (less than 0.5 % in radiance for well-exposed pixels).
CIE COLORIMETRY

The modern science of colorimetry began with Maxwell [1860], and in 1931 the
International Commission on Illumination (Commission Internationale de 1'Eclairage, or CIE)
defined the formalism for quantif'y'ing color vision that is used today [Wyszecki and Stiles,

1982]. This system has 3 components (corresponding to the red. green, and blue components



of human vision). The tristimulus valucs represent the integrated intensity of incoming

radiation weighted by a set of color matching functions and are given by

X=K j S(A)- x(A)dA (42)
0

Y=K j S(A)- y(A)dA (4b)
0

Z=K j S(A)-z(A)dA (4c)
0

where S(A)is the spectral radiance of the object as a function of wavelength, and }y and
z are the CIE color matching functions (CMFs). The CMFs represent the amount of the three
primary colors necessary to match a monochromatic stimulus and are related (but not equal)
to the spectral sensitivity curves of the three types of cones in the typical human retina.

By design, y is the photopic response of the human eye over the visible wavelength
region. As a consequence the Y tristimulus value is also a measure of the luminance (relative
brightness) of an object. Both the spectral reflectance of an object and the illumination

conditions under which it is viewed determine the color and luminance of an object; the

spectral radiance S(A) of an object is the product of its reflectance r(A)and the incident

irradiance 1(4)

S(A)=

I(A)-r(A) )
—

The normalization constant K in (4) is given by



k=— 100 , ©)
[$.0)-y(2)-dA
0
where §,(A) is the radiance of a perfect Lambertian reflector (r(A)=1), and I(A)is
approximated as the value of the solar flux above the atmosphere.

The chromaticities of an object (pixel) are found by normalizing the tristimulus values
x=X/I(X+Y+Z) (7a)
y=Y/(X+Y+2Z) (7b)
2=ZI(X+Y+7Z). (7¢)

Because x + y + z = 1, zis redundant. Thus the x and y chromaticities (along with the
luminance Y) define a color. Fiéure 1 shows a chromaticity diagram containing the gamut of
all possible colors. Within this gamut we show the gamut of two output devices (a CRT and a
hard copy printer), along with the range of chromaticities measured at the Pathfinder landing
site.

For more detailed discussions of CIE colorimetry, see Wyszecki and Stiles [1982] or
Hunt [1995].
COMPUTING TRISTIMULUS VALUES

There are three commonly used methods of converting from radiance units to color

coordinates. We use method 1 in this paper.



METHOD |
If the instrument measuring the spectrum of an object or scene has arbitrarily high
spectral resolution, the radiance at each wavelength point is known exactly and the tristimulus

values can be calculated directly from the measured radiance spectrum. Because the camera

samples the spectrum at discrete points, the spectrum S(4,) is modeled as a curve (cubic
spline) passing through each measured radiance point. S(4,), in units of radiance, is
integrated with the color matching functions (CMFs) in (4) to obtain the XYZ tristimulus

values, expressed below as sums

X, =KY S(A) x(A), (8a)
Y, =Ky S y(A), (8b)
Z, =Ky S(A)-2(4). (8¢)

where the functions are summed discretely over the wavelength range for which S(4)is

known.
METHOD 2

The tristimulus values can also be calculated directly by expressing them as a linear
function of the measured radiances. Using this method, the tristimulus values are related to

intensity by observing a set of i targets with known spectra (tristimulus values) in each



of j filters and expressing X, Y, and Z as a lincar combination of the camera responses

S, j).
Xi=a,5,+a,8, +a,S, +...+a,S; (9a)
Y, =bSy +b,5,+b,S,+...+b,5, (9b)
Z;=¢,S; + ¢,y + 68 +..+ ¢S (9¢)

The number of XYZ equations in (9) is equal to the number of targets measured, and
the number of terms in each equation is equal to the number of filters in the camera system.
The a, b, and ¢ terms in the above equations are typically solved from the over-determined set
of XYZ equations by least squares. This method was used by the Galileo project for the Solid
State Imaging (SSI) instrument [Klassen and Breneman, 1988].

METHOD 3

When the filters of a camera system are broad relative to their spectral separation or
have substantial out of band sensitivity, the above methods inaccurately calculate the
tristimulus values. In this case the spectrum must be estimated by modeling it as a sum of
basis functions. This requires detailed knowledge of the camera response as a function of
wavelength, and the observed spectrum is determined by iteratively integrating it with the

camera response function until the observed camera signal DN is obtained. This method was



used for the Viking cameras [Park and Huck, 1976, Huck et al., 1977]. Method | was then
used to obtain the tristimulus values.
CHROMATICITY ANALYSIS

We used several sets of image data for our analysis. The first set is from the “gallery
panorama” - a 3-filter panorama, JPEG-compressed at a ratio of 6:1 and acquired around local
‘noon. This time-continuous panorama contains over 10 million individual pixels per filter
and covers the entire landing site. The second data set used in our analysis is a S-filter subset
of the “super panorama” - a multispectral panorama compressed losslessly in two filters and
JPEG-compressed at 2:1 in all other geology filters (over 6 million individual pixels per
filter). Unlike the gallery pan, the super pan is not time-continuous from frame to frame and
does not cover the entire surface. Although the JPEG compression artifacts add noise to the
measurements, we find that the computed color parameters are not significantly affected by
lossy (6:1) compressed data (compared to the calculated color parameters from losslessly
compressed data). For a more detailed discussion of the eftects of JPEG compression on IMP
images, see Reid et al., this issue. Table 2 summarizes the two data sets. We note that color
estimates from the 5-filter data have x chromaticities which are 0.01 higher than the 3-filter

data, and the 5-filter data have y values slightly less (0.005) than the 3-filter data. This
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difference is at the limit of human perceptibility [Wyszecki and Stiles, 1982]. We list the 5-
filter chromaticity values in table 3.

Figure 2 shows two individual images of the Pathfinder landing site from the data set
listed in table 2. The images contain the S major color groups of material at the landing site:
unshadowed soil, shadowed soil, rocks, a rock/soil mix, and the sky. Scatterplot chromaticity
diagrams of these images (figure 4) show that the color distribution on the surface is
continuous and occupies a relatively small region in the CIE colorspace (i.e., the color
variation is relatively small). In figure 4 we have indicated the approximate boundaries of the
color classes in the CIE colorspace. Though the boundaries are not distinct, the classes of
material can be seen in the scatterplots. Figure 4b shows the sky as a distinct object. Later in
this paper we present techniques for redefining the colorspace to enhance these color
differences.

The NBS-ISCC (National Bureau of Standards-Inter Society Color Council) defined a
standard color naming convention which defines color names in terms of calibrated color
patches [Kelly, 1976]. This naming convention uses a st of hue names (red, orange, yellow,
green, etc.) and their adjectival forms (reddish orange, yellowish green, etc.) along with

modifiers (light, dark, pale, etc.). This system was used by Huck et al. [1977] to describe
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their results and we find them equally useful. Translation of these color names into Munsell
coordinates is described in Kelly [1976].

The measured chromaticity (x =0.43 10 0.46, y = 0.38 to 0.40) of the soil at the
Pathfinder landing site corresponds to a moderate yellowish brown color (NBS-ISCC 77) and
is in agreement with the Viking values (table 3). The color of the surface as a function of
azimuthal look angle does not significantly change (figures 5 and 12). We also note that the
soil color is independent of time of day.

The light to moderate yellowish brown color (x = 0.395 to 0.405 and y = 0.370 to
0.380, or ISCC-NBS colors 76 and 77) of the noontime sky near the horizon is consistent with
the sky color seen at the Viking sites [Huck et al., 1977].7 The sky color varies as a function of
time of day and azimuthal look angle (figure 6). Figure 6 also shows that the sky is slightly
redder in the anti-sun direction and bluer in the direction of the sun. This relative change in
color is at the limit of perceptibility and would probably be difficult to notice with the naked
eye while standing on the Martian surface. Figure 7 shows the color of the sky as a function
of elevation, indicating that the sky reddens slightly near the horizon.

The color of the rocks at the Viking site was not reported due to difficulties in
obtaining reproducible measurements [Huck et al., 1977]. We include the color of the

Pathfinder rocks here and note that the rock radiance spectra are essentially identical in shape




to the sky spectra except for a uniform intensity scale factor (where the sky is approximately 3
times brighter than the soil). Thus the rock color (x = 0.38 to 0.42, y = 0.35 t;) 0.39) is very
similar to the sky color and the perceived color difference between the sky and the rocks is
due to this difference in brightness. The luminance values of the rocks are low enough that
the rock color appears visually as gray and if the brightness of the scene is set to be uniform
throughout the rocks and the sky have the same perceived color (figure 15).

The color of the sky at sunrise and sunset is considerably different than the color of
the noontime sky near the horizon. The sunrise/sunset sky has average chromaticity values
ranging from x = 0.34 to 0.36 and y = 0.34 to 0.36, which correspond to a grayish olive color
(ISCC-NBS 110) or a brownish gray color (ISCC-NBS 64). This sky color becomes bluer
toward the sun, transitioning gradually from brownish gray at 15° to a bluish white color
(ISCC-NBS 189) 5° from the sun. At 2° from the sun the x and y chromaticities are 0.28 and
0.29 respectively, which correspond to a very pale blue color (ISCC-NBS 184) or a very light
blue (ISCC-NBS 180). Figures 8,9, and 10 illustrate this effect along with figures 16 and 17.

We also examined the color of the tracks made by the Pathfinder rover. The
color of the subsurface soil in the tracks (x = 0.44 and y = 0.39) is identical to the
color of the surface soil material. A similar result was also reported by Huck et al.

[1977] with the Viking trench soil.
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DISPLAYING THE COLOR DATA ON OUTPUT DEVICES

Calculation of the CIE tristimulus values is a well-defined mathematical
operation and manipulation of these values (in the CIE colorspace) is a relatively
straightforward process. Displaying the colors on output devices however, is
nontrivial and requires a careful calibration of the particular device. The xyY units
calculated from (4) and (7) are in the CIE colorspace and are device independent.
The image DN values of R, G, and B need to be specified through an xyY
calibration table for a specific device. Similarly, radiance values must first be
transformed through (4) into colorimetric units before being transformed into device
units.
OUTPUT DEVICE CALIBRATION

At the JPL Multimission Image Processing Laboratory (MIPL) we calibrate
our devices by measuring the xyY output for a §arge number of combinations of
RGB input intensities and then interpolate to determine the amount of each device
primary required to reproduce the desired xyY output values. This is done by
displaying a data cube containing combinations of pixel RGB values onto the device
and measuring the resulting xyY colorimetric response photometrically for each

combination of RGB values. The cube typically contains 1000 xyY values (10 by



10 by 10). To calibrate a computer monitor we strap a color meter onto the screen
and measure these xyY values directly. The chromaticities of hardcopy prints are
measured with a meter under a known illuminant such as D65 (Earth daylight,
cloudless sky) using the same xyY cube approach.

Once the xyY cube has been populated for a particular device, the
neighborhood of any target xyY value can be located and the corresponding RGB
value interpolated within the xyY space. The xyY space is nonlinear in terms of
equal perceptual differences and is actually converted to a linear photovisual space
suchas L™a"b" or L™ u” v" before the lookup process. In this fashion, any device can
be modeled, whether it is additive (television monitor) or subtractive (film recorder
or printer). The problem would be straightforward if all devices could reproduce all
colors, but unfortunately the gamut of any device is limited to a region between the
chromaticities of its primaries in the xy chromaticity plane (figure 1). This region
narrows at low and high luminance. The problem of how to reassign out-of-gamut
colors to others within the gamut of the device while preserving the hue is
topologically complex and we use’the Candela commercial package offered by
Candela, Ltd. of Burnsville, MN for mapping colors between devices.

COLOR PRINTS



The hardcopy prints in this paper must be viewed under the D65 illuminant
(equivalent to Earth daylight on a clear day) in order to reproduce the correct color. We
find that while artificial lighting (generally fluorescent) seems to produce acceptable
results, viewing the prints under Earth sunlight on a clear blue day optimizes the color
reproduction.

Using the techniques described above, we created color panoramas of the
Pathfinder site using the 3-filter “gallery” panorama data. Figure 11 shows the x and
y chromaticity values of the landing site as grayscale images.v Figure 12 shows a
color image of Mars as it would be seen by a human observer on the Martian
surface. Nearly everything is a similar yellow brown color and the surface color is
independent of the azimuthal look angle. Variations in the sky are apparent, with a
reddening away from the sun and towards the horizon. We have verified the
chromaticities of the image in figure 12 by measuring the print with a calibrated
color meter and are working with the publisher to ensure correct color reproduction
of the print.

COLOR ENHANCEMENTS
The images in figure 13-15 are color enhancements of the image in figure 12.

Up to this point we have discussed a method for reproducing the color of a scene
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such that a viewer would experience the same color sensation viewing the displayed
image as he or she would have if present at the scene. The value of true color is
twofold: one, that a person can vicariously identify with a scene; and two, that they
can apply their experience in interpreting colors to interpret the image. But because
the eye must deal with a broad range of possible spectra it cannot discriminate well
between similar colors, such as those on Mars. We can however, manipulate the
data in order to mimic an eye with greater discriminability. To do so we take
advantage of a color coordinate system called L* u* v* in which the separation
between points is roughly equal in perception [Wyszecki & Stiles, 1982). L', v’, and

v’ are defined as

1

L =116(Y/Y,)* -16 (10a)
u =13L(u-u,) (10b)
v =13L(v-v,) (10c)
where
u= 4X (l1a)
(X +15Y +32)

U = X, (11b)

(X, +15Y, +3Z,)
oY (llc)

Y X+ 157 +32)
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b= 9Y,
° (X, +15Y,+3Z,)

(11d)

and Xo, Yo, and Zo refer to the tristimulus values of a reference white such as D65. The L* u*

v* system has the additional property that hue (Hyv) and saturation (Syv) can be defined as

H, = tan"(—v—.) (12)

u

1
s =@+
L

(13)
where hue is the attribute of color which is generally assigned as red, yellow, or green,
saturation is the degree to which a color differs from a monochromatic stimulus independent
of the luminance of the object, and L* is a measure of luminance more equitably distributed in
perception. The distribution of colors from a Mars surface image in the L* u* v* space tends
to cluster in such a way that much of the color space is empty. To better discriminate colors,
we expand the information uniformly in the space while remaining in the device gamut. We
have found three transformations to be most useful.
The first transformation converts xyY imagery into L*, Syy, Hyy followed by a
subsequent multiplication of S,y by a number greater than unity. This increases the saturation

of the scene, moving it towards the edge of the device gamut. We then transform back to

RGB using the device calibration. Figure 13 illustrates this technique. In this case the
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effective sensitivity of the eye (to saturation) is increased by a factor of three. Nearly all the
colors cluster in the same direction.

The second transformation converts xyY image into L*, Sy, H, followed by a
translation of the u*, v* point of x = 0.4050 y = 0.3800 to the gray origin at u*=0 v*=0, We
then multiply the saturation by 3.0 before converting back to RGB. Figure 14 illustrates the
effect. The coordinate shift corresponds to a point in xy space midway between rocks and
soil. The result is a map in which the eye can easily discriminate between these classes. This
transformation maintains order in the color space at the sacrifice of losing the hue
information.

The third transformation is similar to that of figure 14 except the saturation
has been multiplied by S and the luminance has been discarded and replaced by a
constant of 25. This transformation eliminates intensity variations. All colors can
now be seen, even within shadows. Shadowed surfaces are the reddest of any feature
and the sky color resembles more the rocks than the soil (figure 15).

Figure 16 is a true color, six-frame mosaic of the pre-sunrise sky, illustrating
the variation in color away from the sun. The same effect occurs at sunset (figure
17a). Because the natural scene has such low saturation the eye has trouble

discriminating colors. To improve discriminability the image saturation in figure
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17a was multiplied by 2 and is shown in figure 17b. Here one can readily perceive
the shift away from blue towards the daylight hues of the sky seen away from the
sun.
CONCLUSIONS

The color of the Pathfinder landing site is a yellowish brown color with
subtle variation; our measured chromaticity values for the surface agree with the
values at the Viking sites [Huck et al., 1977]. The color of the terrain is independent
of time of day. We also observe that the sky reddens away from the sun, towards the
horizon and is reddest at local'rggon. Sunrise and sunset images reveal a grayish
brown color, with the sky becoming blue towards the sun. The color enhancement
techniques presented here allow the images to be manipulated to reveal subtle

relative color differences while retaining color balance.
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CAPTIONS

Figure 1. A CIE xy chromaticity diagram, containing the color coordinates of all possible
colors, along with a schematic representation of the range of colors seen at the
Pathfinder landing site. The curved edge of the color gamut is called the spectral
locus and corresponds to the color of monochromatic stimuli. Superimposed onto the
CIE colorspace is the gamut of a calibrated CRT computer monitor (an additive RGB
device) named "Alps". The R, G, and B device primaries correspond to the vertices of
the triangle. Colors within the triangle (i.e., within the gamut) are generated by
combining the RGB primaries. Colors outside the triangle cannot be generated and
must be desaturated (i.e., brought into the device gamut) before being displayed. The
gamut of a hard copy printer (in this case a subtractive CMYK device named "Fujix")
is smaller than the gamut of the CRT monitor. For illustrative purposes the relative

brightnesses of the 3 gamuts have been arbitarily varied.

Figure 2a. Image taken at 0937 LST on Sol 66, looking to the Northwest. The rock named

“Yogi” is in the upper right of the image.
Figure 2b. Image taken at 1100 LST on Sol 10, looking North.

Figure 3. Spectral radiance of soil, sky, and a rock at the Pathfinder landing site. The

measured data are shown as points connected with a cubic spline function. The rock spectrum
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and the sky spectrum have similar shapes, differing only by a constant scale tactor in intensity
(the scale factor for this particular example is approximately 3.2). The soil spectrum has a

distinctly different shape than the sky or the rock spectra.

Figure 4a. Chromaticity plot for the image shown in figure 2a. The values of x and y shown
above correspond to a yellowish brown color. The relative “redness” of the material increases

from left to right. This data was computed using 5 filters.

Figure 4b. Chromaticity plot for the image shown in figure 2b. Only a representative portion
of the pixels are shown in order to highlight the sky cluster. The sky chromaticity is within

the range of values measured for the rocks. This data was computed using 3 filters.

Figure 5. A 360 degree, 1-pixel high strip of the surface color as a function of azimuthal look
angle, showing that the average chromaticity does not vary as a function of azimuth. Note the
relative redness of the "Yogi" rock shadow relative to the relative blueness of the rock

material. See figure 12 for the corresponding color print.

Figure 6. A 360 degree, 1-pixel high strip of the chromaticity of the Martian sky as a function
of both azimuthal look angle and local time, showing that the Martian sky color varies
azimuthally and temporally. The data shown are from the 3-filter “gallery panorama”. The
panorama was acquired in a time-continous fashion over a span of 3 days (from right to left in
the figure). Local Mars time is on the top x-axis and increases from right to left. The sky

reddens slightly when looking towards the anti-sun direction (north). The sky also reddens
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slightly from 10 AM LST to {1 AM LST. The “staircase” effect (most evident on Sol 9) is
due to 5 minute pauses (during which the surface was being imaged) between the sky images.
The large “step” between sol 9 and 10 is due to a 20 minute difference in local acquisition

time. See figure 12 for the corresponding color print.

Figure 7. Sky color vs elevation. The sky is slightly redder near the horizon. See figure 12

for the corresponding color print.

Figure 8. Sunrise, sol 39 - the sky color at sunrise shows the same grayish brown
color as seen at sunset. This predawn data show a reddening of the sky very near the

horizon (<5° elevation), similar to the reddening shown in figure 7. See figure 16

for the corresponding color print.

Figure 9. Sunset, sol 24 - the color of the sky at sunset, shown as a function of
vertical elevation. The sky slowly reddens away from the sun, in the vertical
direction. The color of the sky near (within 2 degrees) the sun is a very pale blue
(ISCC-NBS 184), and farther away from the sun (15 degrees) the sky is a brownish
gray color (ISCC NBS 64), with a slight hint of a grayish moderate olive brown

(ISCC-NBS 95). See figure 17 for the corresponding color print.

Figure 10. Sunset, sol 24 - the color of the sky at sunset, shown as a function of

azimuth. The sky becomes bluer toward the sun. At -40° the sky is a brownish gray
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color (ISCC-NBS 64) to grayish olive (ISCC-NBS 110). See figure 17 for the

corresponding color print.

Figure 11a. The x chromaticity of the Pathfinder landing site, shown as a grayscale

image. The grayscale intensity is roughly proportional to the redness of the scene.

Figure 11b. The y chromaticity of the Pathfinder landing site, shown as a grayscale
image. Because the variation in y is at a smaller level than the x variation and thus

scaled differently, the image appears noisier than the image in figure 11a.

Figure 12. The true color of Mars based upon three filters with the sky set to a
luminance of 60. The color of the Pathfinder landing site is yellowish brown with
only subtle variations. These cc‘)lors are identical to the measured colors of the
Viking landing sites reported by Huck et al. [1977]. This image should be
illuminated with direct sunlight (or the corresponding CIE D65 illuminant) and

viewed without surroundings containing brilliant colors.

Figure 13. Color enhancement resulting from a multiplication of the saturation of
the image in figure 12 by a factor of 3. Hue and luminance have been largely
preserved. Indistinct colors become artificially more vivid without a major loss of

color balance.
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Figure 14. Color enhancement of figure 12, resulting from the movement of the
chromaticity coordinate x = 0.405 and y = 0.380 to neutral gray followed by a
multiplication of the saturation by 3. Colors are now distributed about a new
coordinate origin corresponding to the center of the distribution. With this artificial
mapping, the eye can now easily discriminate between the colors of rocks, soil, and

sky.

Figure 15. Color enhancement resulting from moving the chromaticity coordinate x
= (0.405 and y = 0.380 to neutral gray, multiplying the saturation by 5, and replacing
the luminance image by a constant of Y=25. This eliminates the brightness variation
in the image and enhances color differences. The colors of the shadows are now |
visible. Shadows are the reddest features and the sky can be seen to more closely

resemble the hue of rocks rather than soil.

Figure 16. Sunrise, sol 39. This true color, pre-sunrise image (approximately 0530

LST) is composed of six images extending 30 ° in azimuth and 45 ° in elevation and

shows the brownish gray predawn sky.

Figure 17a. The brownish gray sky as it would be seen by an observer on Mars in
this four-frame, true color mosaic taken on sol 24 (at approximately 1610 LST). The
twin peaks can be seen on the horizon. The sky near the sun is a pale blue color.

Azimuth extent is 60° and elevation extent is approximately 12° degrees.
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Figure 17b. Color enhanced version of the image in figure 17a, produced by
multiplying the saturation by 2. Colors which were previously gray now become

more apparent.

Table 1. Responsivity parameters for the Pathfinder camera. See Reid, et al. [this

issue] for a more detailed discussion of camera calibration.
Table 2. Data used for color calculations.

Table 3. Color estimates of the Martian sky and surface from Pathfinder [this paper] and
Viking [Huck et al., 1977], show the color of the sky and soil to be identical to the Viking
sites. We compared (visually, with a color meter, and with the Color Names Dictionary
[Kelly, 1976]) our prints to the i‘SCC-NBS centroid color chips [Kelly and Judd, 1976]. We
find the sky color to be closest to ISCC-NBS chip 76 (light yellowish brown) and the soil
color to chips 77 (moderate yellowish brown), 78 (dark yellowish brown), and 58 (moderate
brown). Our matches to the ISCC-NBS color chips agree with those listed in Huck et al.,
1977. Additionally, we find the shadowed soil color as ISCC-NBS chip 59 (dark brown), and

the color of the rocks as ISCC-NBS chip 81 (dark grayish yellowish brown).



Filter | Wavelength | Bandpass Ro Ry Ra
A (nm) oA (nm)

RO 4432 26.2 1179 | -0.392 | -0.0006
RS 671.2 19.5 557.3 | -0.575 | -0.0014
R6 752.0 18.9 787.1 | -0.247 | -0.0019
R8 599.5 21.0 592.7 | -0.598 | -0.0013
R9 530.8 29.6 578.6 | -0.893 | -0.0021
R10 | 4799 27.0 368.1 | -0.668 | -0.0019
R11 966.8 29.6 393.5 | 2.185 | 0.0065

LO 4433 26.2 128.8 | -0.387 | -0.0007
L5 671.4 19.7 5753 | -0.570 | -0.0013
L6 801.6 21.0 872.2 | 0.237 | -0.0029
L7 858.4 344 1435 2491 | 0.0035

L8 897.9 40.8 1120 3.006 | 0.0059

L9 931.1 27.0 478.7 1.926 | 0.0051

L10 1002.9 29.1 2134 1.606 | 0.0052

L11 968.0 314 3958 | 2.027 | 0.0051

Table 1.
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Panorama | Camera Filters used® Compress- | Time of Sol Notes
name Sequence ion Ratio day
numbers

Gallery 0164-0166 | RO (440 nm) 6:1 1100 - 9-11 | Entire panorama

Panorama 1300 LST acquired during the
RS (670 nm) 6:1 same time of day,

over a period of 3

R9 (530 nm) | 6:1 days.

Super 0181-0188 | RO (440 nm) Lossless” Various; 13-83 | Acquired at various

. Panorama generally times of day; R9 and
R10 (480 nm) | 2:1 in the R10 overexposed in
morning some frames.

R9 (530 nm) 2:1
R8 (600 nm) 2:1
R5 (670 nm) Lossless

*R =right eye, L = left eye.

bearly portions of this panorama were initially taken 2:1 JPEG in RO.

Table 2.
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Pathfinder Viking 1 Viking 2 ISCC-NBS color designation
Location X y X y X
Sky 0.39-0.41 | 0.37-0.38 | 0.40 0.38 0.40 0.38 76-77
(light to moderate yellowish brown)
Rock 0.38-0.41 0.35-0.39 | - - - - 81 (dark grayish yellowish brown)
Rock/Soil 0.41-043 | 0.38-0.40 |- - - - 58 (moderate brown)
Soil 0.43-0.45 | 0.38-0.41 | 0.43-0.46 | 0.39-0.40 | 0.43-0.44 | 0.39 77 (moderate yellowish brown)
78 (dark yellowish brown)
58 (moderate brown)
Shadowed Soil 0.45-047 10.39-041 {046 0.39 0.44 0.39 59 (dark brown)
Pathfinder Rover | 0.44 0.39 - - - - 58 (moderate brown)
Tracks

Table 3.




TR S T S SR N TS ST SR S S SR T

All possible Alps
colors (CRT)

FFujix
(printer)

i N
T
—

7y




CaloN T

th n e

ap

thr

BUR LU RN

[N IR

(113 A

\

O 1y

I

b

th

A

vi An ¢ e Layb

}W\ajes onlg_

Ak

g€



W/(m’/steradian/um)

60

50

40

30

20

10

0

400

Spectral radiance, Pathfinder Site

_llll"llll“llIIX‘III]Illllrrllll‘ll'lll"ll'[lIIIIIIIVllll]lll'rlll'
= RN

- / \Q

C / °~.

- ~

- / N,

C / \Q\.

— / AR

. 3 R

- SKY —» / PR ik ¢ SR - N

- >Y N

- / Q ‘< .\

2 / /" «SOIL o, 6.

- /({ J . o

: K / ~ .

C / / 0\‘\ e\

C . . S,

= J / ~ =G
- / ~

- < P 4 ROCK ~e
- -, ==

r s - SO~ _

C & - “‘0\-\.6

— ’ rd -

— Pt ol o

- ¢ e DENURIIN
c &
PLJIII]I|J!llllll|Ill!ll']ll.!l]lllll'lll'ljl!llll!lllllllllllllllllll

IlllllllljlllllllllJllllllllI]lllIlllllll]lllllll

1

IS EENNNE

500 600 700 800 900 1000 1

nm

Figure 3.

1

00

36



0.45

0.40

0.35

0.30

C

hromaticity Diagram -

landing site

I T L4

| L ]

'l

T

L

T

!

T T I T

T

athfinder
T ] T

1 T ] T T T l T i

Image ID:

il 21340r.img_0181060105
11252521362r.img_0181060107
11252521436r.img_0181060115
11252521451r.img_0181060117

 : 11252521420r.img 0181060113

more red —

1 ] 1 1 1 ) i 1 [

0.36

0.38

0.40

Figure 4a.

0.44

0.46 0.48

37



0.45

0.40

0.35

0.30

thfinder landing site

T

| L AL

T T T T

Chromaticity Diagram - Pa
——— ,

T T T T T T T T T

Im;:ﬁlc 1D:

11247555270r.img_0164020005
11247555287r.img_0164020075
11247555307r.img_0164020145

'\0;
%
%
% N
AN
N N
%
N
. RN N. SOLL
o ROCK/SOLL
R MIXTURE N
&
"4 more red —

1 1 L i ! 1 1 1 I 1 i 1 ! 1

i 1 1 1 1 | L 1 L ! ) Il

T

0.36 0.38 0.40 0.42

Figure 4b.

0.44 0.46 0.48

38



39

00LST

10

00 LST

- Yogi Shadow

11

00LST

12

13:00 LST

(Kidnewolyd) 10[0d [10S

180 240 300 60 120
degrees from North

120

Figure 5.



Sky color (chromaticity)

13:00 LST 12:00 LST 11:00 LST 10:00 LST
0.395

0.390 5 <.

0.385

T
~

Kb
PX &{}

L

0.380

A I NI A A BT

0.375

Illl]llll]‘lv

120 180 240 300 0 60 120
degrees from North

Figure 6.



Sky color (cflromaticity)

0.395

0.390

0.385

0.380

0.375

Sky color vs elevation,11:15 LST, NW direction
— ——

; :
. Ix _
o 4
- &%O mé&% & & 4
_ B §FEY © R R o o 2 g A
i o
- (o] —
S0 WL N o
5T SIS e & R 00 mo R R 1
; TGS SR ey o b -
i T ¢ X i}
_ y o
i ! ) ) ) ! L ! ) | |
0 2 4 6
degrees from horizon

Figure 7.

41



chromaticity

Sky color at sunrise
0.360 '

4

0.350

'.lllfll]lllIl)ll’lllllllT

0.340

0.330 B

0.320 ¢ x chromaticity
O y chromaticity

0.310

Lllllllllllll]lll]lIllllllllllllllJlll]llllllllllfjlllllll

5 10 15 20 25 30
degrees from horizon (vertical)

Figure 8

42



chromaticity

0.34

0.32

0.30

0.28

Sky color at sunset

T T T T T T T T T T T T T T

¢ x chromaticity

O y chromaticity

1 1 ' 1 ] 1 I 1 ] 1 l 1 Il 1

4 6 8
degrees from center of solar disc (vertical direction)

Figure 9.

12

43



Sky color at sunset
0‘38 T rr I T T Trrrr I VTrT LIRS ¢ LA B ’ rrrrrrrrorrr l LI B | LN D IS I | 1 l 17T LR SR B §

0.36 SN

> 0.34
8
I
g
]
= .
° 032 ¢ X chromaticity
- O y chromaticity
030~
0.28 | 1 1 ! L1 1 1 | S ] [ ] I ) 1 L 1 11 I 1 ] 1 L i N | ] .| 1 1 1 L1 1 ] l 1 1 1 1 Lt 1
-40 -30 -20 -10 0

degrees from center of solar disc (horizontal direction)

Figure 10.



: ﬁjwe o

‘

A

Lot

Sh



-




~

O

e fa





















